INTRODUCTION
In mammalian species, the fetal adrenal gland plays a key role during the last third of gestation since glucocorticoids are involved in the maturation of many fetal organ systems (Liggins, 1976 (Liggins, , 1994 . Moreover, in domestic ruminants as well as in the pig, the onset of parturition is triggered by an increased level of fetal plasma glucocorticoids (Nathanielsz, 1978; Challis and Lye, 1986) . In the sheep, this increase occurs from about 120 days of gestation (G120) onwards and results from an enhanced activity of the fetal adrenal cortex (Alexander et al, 1968; Brown et al, 1978) . This enhanced activity is in turn due to both an increase in trophic stimulation of the gland by the adrenocorticotropic hormone (ACTH) and to an important development of the ability of fetal adrenal cells to produce steroids (for review, see Durand, 1987) . This latter development is mainly related to modifications involving both ACTH-sensitive adenylate cyclase system and some steps of the steroidogenic pathway (for review, see Durand, 1992) . However, the mechanisms involved in the growth and differentiation of the fetal adrenal cortex are not fully elucidated. In this report, the growth and maturation processes involved in the development of the fetal adrenal cortex and their regulation by ACTH and other factors will be reviewed.
STRUCTURE AND GROWTH OF THE ADRENAL CORTEX
In adult mammalian species, the adrenal gland is divided into two regions of different origins. The inner part of the adrenal gland is of ectodermic origin and produces various peptides and catecholamines. The external region, or adrenal cortex, is of mesodermic origin and includes three parts: the zona glomerulosa, the zona fasciculata and the zona reticularis.
These produce mineralocorticoids, glucocorticoids and adrenal androgens, respectively (Long, 1975) .
In the ovine fetus (length of gestation: 145-150 days), the adrenal gland can be identified as early as G28 (Wintour et al, 1975) but its zonation becomes apparent at G60 (Webb, 1980) . The outer zone seems to be the equivalent of the adult zona glomerulosa, whereas the inner zone corresponds to the zona fasciculata (Robinson et al, 1979; Webb, 1980) . Zona reticularis only becomes apparent in the 1-month-old lamb. However, even in the adult sheep, androgen production is low.
Fetal adrenal glands grow in a biphasic manner. During the first growth (ie, period of rapid growth), between G60 and G120, zona glomerulosa develops; however, already at G60, zona glomerulosa cells seem able to produce corticosteroids. The second growth period, which occurs just before birth, corresponds essentially to the development and maturation of the zona fasciculata (Webb, 1980; Boshier and Holloway, 1989) . During this period, the adrenal weight doubles and reaches 300 mg (Durand et al, 1978) .
Mechanisms responsible for this adrenal growth are not fully elucidated. However, when the fetus is hypophysectomized during the last month of gestation, there is no weight increase of the adrenals. Conversely, ACTH infusion to 115-day-old fetuses leads to an anticipated growth of the adrenal cortical zone (Liggins et al, 1973; Durand et al, 1980 (Naaman et al, 1989 Naaman-Répérant et al, 1996) . Taken together, these results suggest that fetal adrenal growth could be controlled by a set of factors of endocrine and/or paracrine origin which can vary according to the stage of development.
FETAL PLASMA LEVELS OF CORTICOSTEROIDS
In the ovine fetus, the levels of plasma corticosteroids remain stable between G100 and G125 (5-10 ng/mL). They then increase progressively up to G140 to enhance dramatically just before birth when they can reach 100 ng/mL (see fig 1 In the newborn lamb, they decrease within a few days to levels similar to those found in the adult (around 4 ng/mL) (Alexander et al, 1968; Brown et al, 1978; Magyar et al, 1980) . From G100 on, fetal ovine plasma contains aldosterone, corticosterone, cortisol, 11-deoxycortisol and 11-deoxycorticosterone (Wintour et al, 1975; Thomas et al, 1976; Brown et al, 1978) .
Before G120, however, plasma corticosteroids are essentially from maternal origin, since plasma levels of corticosterone and cortisol are similar in normal and adrenalectomized fetuses (Hennessy et al, 1982) . It is only from G120 onwards that the fetus starts producing cortisol (Wintour et al, 1980 (Cathiard et al, 1985) . The cortisol/corticosterone ratio varies throughout gestation (Thomas et al, 1976; Brown et al, 1978 (Thomas et al, 1976; Brown et al, 1978; Wintour et al, 1995) .
SECRETION AND EFFECT OF ACTH IN THE OVINE FETUS
The presence of ACTH can be detected as soon as G40 and G60, respectively, in the anterior and intermediary lobes of the ovine fetal pituitary (Mulvogue et al, 1986) . At G90, two morphologically distinct types of corticotropic cells, a fetal and an adult type, can be observed (Antolovich et al, 1989 (Rees et al, 1975; Challis et al, 1977; Jones et al, 1977; Durand et al, 1980; Wintour et al, 1980) . Such results are to be considered carefully because ACTH levels vary throughout the day and are influenced by the stress of the animal. Moreover, ACTH is secreted episodically in the fetus (Nathanielsz et al, 1977; Jones, 1979) (Silman et al, 1979; Jones and Roebuck, 1980) . The ratio of these high molecular weight forms/ACTH1-39 is higher in the fetal than in the adult pituitary (Silman et al, 1979) , and ACTH1-39 becomes predominent during the last 2 weeks of gestation (Jones and Roebuck, 1980; Carr et al, 1995 (Rees et al, 1975; Jones et al, 1977; Durand et al, 1980) . This observation raises the question of the sensitivity or even the existence of corticosteroid feedback during fetal life. In vivo, increasing 'physiolog-1980; Wood and Rudolph, 1983) or blocking corticosteroid production (Durand et al, 1981c) have shown that around G120, the negative feedback mechanism of cortisol on ACTH production is functional in the ovine fetus. In vitro, cortisol and corticosterone used at either 10-9 or 10-! M inhibit fetal ovine corticotropic cell response to oCRHl-41 1 between G63 and G144. The efficiency of these steroids is higher at G63 than later on (Durand et al, l 986).
The presence of glucocorticoid receptors was shown both in cytosolic preparations and in intact hypothalamic and pituitary cells from ovine fetuses between G100 and birth (Yang et al, 1990 (Nathanielsz et al, 1972; Jones et al, 1978b (Liggins, 1968; Jones et al, 1978a; Cabalum et al, 1982 (PicardHagen et al, 1996) .
In ovine fetal adrenal membrane preparations, the number of ACTH-binding sites stable between G120 and G 140 increases threefold between G140 and birth (see fig 1) , when adrenal sensitivity to ACTH is highest (Durand, 1979 The increased capability of ovine fetal adrenal cells to produce corticosteroids before birth seems mainly related to alterations occurring early in the steroidogenic pathway leading to increased production of pregnenolone (Durand et al, 1984 (Durand et al, , 1985b . The lower fetal pregnenolone production can be partially related to the fact that intramitochondrial concentrations of free and esterified cholesterol are, respectively, two-and 22-fold lower in fetuses than in newborn lambs. Moreover, 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (3HMG-CoA) activity (the limiting step in de novo synthesis of cholesterol) in the fetus is half that of the newborn lamb (NaamanRépérant et al, 1992 (Tangalakis et al, 1989) .
ACTH-induced cAMP production exerts both short-term (or acute) and long-term ( (Tangalakis et al, 1990 (Tangalakis et al, , 1992 
Effect of IGF-I
The effect of IGF-I on fetal development is exerted both on cell proliferation and differentiation (for review, see Sara and Hall, 1990 (Naaman et al, 1989) . Nanomolar concentrations of insulin or IGF-I increase ACTH-induced cAMP production by 120-day-old fetal adrenal cells and to a lesser extent, cholera toxin-induced cAMP production. Knowing that in bovine adrenal cells, IGF-I increases mainly the number of ACTH receptors (Penhoat et al, 1989) , and to a lesser extent G, subunits (Begeot et al, 1991) , insulin and IGF-I are most probably involved in the maintenance and/or the development of the adrenal AC system. IGF-I is also able to increase 8BromoAMP-induced corticosteroids production by fetal adrenal cells in culture, probably by enhancing cholesterol availability to P450scc (Naaman et al, 1989) . The synergistic effect of IGF-I and ACTH observed on corticosteroid production by cultured fetal adrenal cells suggests that IGF-I could be involved in the regulation of some steps of adrenal maturation which are ACTH-independent. Moreover, plasma IGF-I concentrations are low in the ovine fetus up to G50; they then increase towards term when they become three-fold higher (Alexander et al, 1968; Gluckman and Butler, 1983; Handwerger et al, 1983 (Bottari et al, 1993) . In sheep, they are located in both the zona glomerulosa and fasciculata of adrenal glands (Viard et al, 1990 ). In ovine adrenal cells, A-II has no acute effect on steroidogenesis (Viard et al, 1990 ), unlike in bovine and human adrenal cells (Laird et al, 1991) where it increases cortisol production. A-II exerts a chronic effect on bovine (Rainey et al, 1991a) , ovine adult (Bird et al, 1992) and fetal adrenal cells. A-II is able to inhibit ACTHinduced expression of P450-C17 and 3p-HSD (both on protein and mRNA levels). More- over, in ovine fetal adrenal cells, A-II inhibits up to 70% ACTH-induced cortisol production In vitro, TGF!1 is able to inhibit cortisol production by ovine adult (Rainey et al, 1988) and fetal ) adrenal cells.
TGFP exerts an effect on the ACTH-sensitive AC system at more than one level by decreasing both the number of ACTH receptors (Rainey et al, 1989) and the production of cAMP in response to cholera toxin and forskolin (Rainey et al, 1988) . The inhibitory effect of TGF(31 also occurs on steroidogenic activities. In the ovine adrenal gland, TGF(31 I inhibits mainly the expression and activity of P450-C17 (Rainey et al, 1988 (Rainey et al, , 1991a Perrin et al, 1990) , and to a lesser extent 3R-HSD (Naville et al, 1991 a,b) . In adult adrenal cells in culture, TGF!1 inhibits cholesterol availability for steroidogenesis, as was previously observed for bovine adrenocortical cells (Hotta and Baird, 1986) . In fetal and neonatal adrenocortical cells in culture (but not in adults), TGF P inhibits P450scc activity and the relative amounts of the three corresponding proteins (P450scc, adrenodoxin and adrenodoxin reductase) (Naaman-Répérant et al, 1996) . ACTH is not able to reverse this inhibition either in fetuses or in newborns even after a 6 day treatment (our unpublished results). In addition, both concentrations of TGF(31 encoding mRNAs and of immunoreactive TGFpl-like proteins are higher in fetal than in neonatal adrenal glands (NaamanRépérant et al, 1996) . 
